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Adapted conservation measures are required to
save the Iberian lynx in a changing climate
D. A. Fordham1, H. R. Akçakaya2, B. W. Brook1, A. Rodríguez3, P. C. Alves4,5, E. Civantos4,6,
M. Triviño6,7, M. J. Watts1,8 and M. B. Araújo6,9,10*
The Iberian lynx (Lynx pardinus) has suffered severe population
declines in the twentieth century and is now on the brink of
extinction1. Climate change could further threaten the survival
of the species2, but its forecast effects are being neglected
in recovery plans3,4. Quantitative estimates of extinction risk
under climate change have so far mostly relied on inferences
from correlative projections of species’ habitat shifts5. Here
we use ecological niche models coupled to metapopulation
simulations with source–sink dynamics6,7 to directly investi-
gate the combined effects of climate change, prey availabil-
ity and management intervention on the persistence of the
Iberian lynx. Our approach is unique in that it explicitly models
dynamic bi-trophic species interactions in a climate change
setting. We show that anticipated climate change will rapidly
and severely decrease lynx abundance and probably lead to
its extinction in the wild within 50 years, even with strong
global efforts to mitigate greenhouse gas emissions. In stark
contrast, we also show that a carefully planned reintroduction
programme, accounting for the effects of climate change, prey
abundance and habitat connectivity, could avert extinction of
the lynx this century. Our results demonstrate, for the first
time, why considering prey availability, climate change and
their interaction in models is important when designing policies
to prevent future biodiversity loss.
The Iberian lynx is theworld’smost endangered cat. Its
rangecontractedfrom40,600 km 2 inthe1950sto1,200 km 2 in
20051,8.Recentcountsestimateonly250Iberianlynxinthewild 4.
Thismajordeclineisassociatedcloselywithsharpreductions
inEuropeanrabbit(Oryctolaguscuniculus)abundance 8,caused
bymyxomatosisvirusinthe1950sand,morerecently,rabbit
haemorrhagicdisease 9 (RHD).Over-huntingofrabbitsandthe
modificationandfragmentationofitsmixedgrasslandandforest
habitathasexacerbatedtheproblemsofpreyscarcity,because
rabbitsaccountformorethan80%ofIberianlynxconsumption 10.
Non-naturalmortalityofIberianlynx,suchastrapping,poaching
androadkills,havefurtherreducedlynxpopulationnumbers 11.
OnlytwoIberianlynxpopulationspersistinthewildatpresent
comparedwithnineinthe1990s 1.
Ex situ captivebreedingprogrammeshavebeen launched
to facilitate the reintroduction of a genetically diverse pool
of Iberian lynx into suitable areas within their historical
range12.Simultaneously, managementeffortisbeingdirected
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towardsincreasingthecarryingcapacityofreintroductionsites
throughhabitatrestoration,relocatingrabbitsandlimitingdirect
anthropogenic-relatedfatalities 4,13.Althoughawell-financedeffort
toaverttheextinctionofthischarismaticspeciesisunderway
(>e94millionfundingsince1994) 4,non-accountedthreats,such
as climate change and its influence on prey abundance, are not being
consideredinrecoveryplans.
Hereweprovide themost comprehensive analysisof the
likelyeffectsofclimatechangeyetforathreatenedvertebrate.
So far,models used to investigate how climate changewill
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Figure 1 | Forecast lynx abundance in the Iberian Peninsula from 2015 to
2090 under three climate change scenarios. Scenarios are: no climate
change—where temperature and precipitation remains unchanged from the
year 2000; high CO2 concentration Reference scenario (WRE750); and an
alternative low CO2 concentration Policy scenario that assumes strong
mitigation of greenhouse gas emissions (LEV1). The solid lines show mean
estimates for each scenario. Band widths represent 5th and 95th
percentiles of population size derived from a stochastic metapopulation
model with spatial habitat dynamics. Model variation characterizes
demographic stochasticity, which is only one component of model
uncertainty (see Supplementary Methods).
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Table 1 | Extinction risk for the endangered Iberian lynx in the
twenty-first century according to different climate and
conservation scenarios.
Conservation
scenario
Climate
scenario
EMA Probability of
extinction
Median time
to extinction
No extra manag. No change 58 12 —
Policy 0 100 2051
Reference 0 100 2054
Extra manag. Policy 3 89 2066
Reference 3 86 2065
Geopolitical Policy 52 2 —
Reference 52 4 —
Peninsula-wide Policy 68 0 —
Reference 78 1 —
Climate scenarios are a ‘No change scenario’ where temperature and precipitation remains
unchanged from the year 2000, a stabilizing Policy scenario that assumes substantive mitigation
of greenhouse gas emissions and a high CO2 concentration Reference scenario. Conservation
scenarios are: no additional management intervention beyond what is occurring in Doñana and
Sierra Morena (No extra manag.); an increase in active population management in potentially
suitable habitat patches across the Iberian peninsula (Extra manag.); moving animals with
an underlying aim to establish viable lynx breeding populations in every autonomous region
within its recent historical range (Geopolitical); moving animals to areas of most favourable
habitat across the entire Iberian peninsula (Peninsula-wide). Extinction risk during this century
is measured using expected minimum abundance (EMA), probability (%) of total population
size declining to zero (Probability of extinction) and median time to extinction (Median time
to extinction).
affectbiodiversityatbroadergeographicalscaleshavefailedto
accountexplicitlyfordynamicfeedbacksofspeciesinteractions 14.
Weaddressthiskeylimitationusingcoupledecologicalniche–
populationmodelswithsource–sinkdynamics 6,7,simulatingthe
stochastic demographic responses of Iberian lynx to: spatial patterns
ofrabbitabundanceconditionedbydisease,climateandland-
usevariation;andchangesinclimatesuitabilityandlandscape
modification.Weconsidertheinteractionbetweenrabbitsand
Iberianlynxasunidirectional,becauselynxareextremelyrare,
whereasrabbitsareabundantandhavegreaterthan30vertebrate
predators, manyof themwidely distributedand locallyabundant 15.
Rare efforts to account for species interactions in climate–ecological
forecasts have used overly simple approaches; by adding an
interacting species as an additionalpredictor in a correlativemodel,
orbyrestrictingthedistributionofonespeciestothemodelled
distributionoftheother 16.Herewedirectlyaccountforimportant
per capita effects of rabbit abundance on the population growth rate
of Iberian lynx in a climate change setting.
Weshowthatclimatechangeispredictedtohavearapid
andseverenegativeinfluenceonIberianlynxabundance(Fig.1),
exceedingitsabilitytoadaptordispersetomoreclimatically
favourableregionswherepreydensitiesaresufficienttosupport
viablepopulations.Weestimatetimetoextinctiontobeless
than50years(Table1),evenwithrapidanddeepglobalcutsto
anthropogenic greenhouse gas emissions (for instance, stabilization
atanequivalentCO 2 concentrationof450 ppm(MiniCAMLEV1;
ref.17)).Weforecasthatpopulationdeclinewilloccurataslightly
fasterrateunderastrongmitigationemissionPolicyscenario
(Fig.1),causingaslightlyshortermediantimetoextinction(2051
comparedto2054undertheReferencescenario;Table1).This
apparentlycounter-intuitiveresultisbecausecoal-firedpower
stationsalsoproduceatmosphericaerosolsthatsuppressglobal
temperaturesthroughdimming 18.Replacingcoalcombustionwith
cleanerenergyalternativesresultsinconditionsthatareinitially
moreadverse(warmeranddrierbefore2050)forIberianlynx
andrabbitsunderthePolicyscenariocomparedwithahigh-CO 2
concentration Reference scenario (WRE750; ref. 19).
Intryingtoavertextinctionsinthewild,managershavelong
consideredtheuseofhuman-assistedcolonizationofindividuals
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Figure 2 | The effect of management intervention on the persistence of
Iberian lynx. a,b, Forecast lynx abundance (a) and number of populations
(b) in the Iberian Peninsula from 2015 to 2090 according to three possible
management options. Forecasts are for a Policy climate scenario that
assumes strong mitigation of greenhouse gas emissions (LEV1). The
interventions are: present-day conservation practices, including increasing
prey (lagomorph) densities, habitat alteration, preventing disease and
non-natural mortality (Present); reintroducing captive-bred lynx to
unoccupied habitat according to a Geopolitical scheme that favours
establishing lynx populations in every autonomous region in Spain
(Andalucía, Castilla-La Mancha, Comunidad Valenciana, Extremadura and
Murcia), plus Portugal as an additional region, within its recent historical
range (Geopolitical); and a strategy focused on releasing animals into the
best-quality habitat regardless of region (Peninsula-wide). The solid lines
show mean estimates for each scenario. Band widths represent 5th and
95th percentiles, and characterize variation due to demographic
stochasticity. They do not include error propagating from uncertainties in
demographic parameters or forecasts of climate suitability (see
Supplementary Methods).
tomoresuitablehabitat 20.However,asaclimateadaptation
strategy for Iberian lynx, such actionhas been criticized as
inadequate if important factors relating to prey and habitat
availability are ignored21. To avoid this simplification, we simulated
areintroductionschemethataccountedsimultaneouslyforthe
velocity,extentandnonlinearitiesinratesofclimate-induced
changeinhabitatqualityandtheconnectivity,preyavailabilityand
physiologicalconditionsimportanttoIberianlynx.Weshowthat
ayearlyreleaseofsixanimals(agedbetween1and4years)of
eachsexintohabitatpatchesrankedaccordingtoacombination
ofcarryingcapacity,initialpopulationsize,connectivityandrateof
survivalandfecundity,wouldaverthelikelyextinctionofIberian
lynxthiscentury(Fig.2andTable1andSupplementaryFig.S1).
This reintroduction number is lower than that considered under the
Iberian lynx reintroduction plan (release of 20–40 animals per year)
andwould not jeopardize the persistence of the breeding population
(seeSupplementaryMethods).
Incontrast,weshowthatimplementingpresent-dayconser-
vationpractices(increasingpreydensities,habitatmanagement,
preventingdiseaseandnon-naturalmortality 1,4)ataregionalevel
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Figure 3 | Forecast location of lynx populations in the Iberian Peninsula in 2090. Occupied habitats are shown for the Peninsula-wide and Geopolitical
reintroduction scenarios and two climate change scenarios: a high-CO2 concentration stabilizing Reference scenario (WRE750) and an alternative Policy
scenario that assumes strong mitigation (LEV1). Maps capture lynx demographic responses to spatial patterns of rabbit abundance (conditioned by
disease, climate and environmental variation) and changes in climate suitability and landscape modification. Only grid cells where lynx were present in
90% of stochastic iterations of the demographic model were treated as populated. See Supplementary Information and Methods for further details.
wouldonlyservetodelaymediantimetoextinctionby <15years,
irrespectiveofclimatepolicy(Table1).Thisisprimarilybecause
extensiveclearinganddestructionofnaturalhabitatsbyhumans
hasdisruptedprocessesthatunderpinIberianlynxdispersaland
establishment.We predict that>40 discrete areas of suitable habitat
wouldbeavailableforpotentialcolonizationin2050,butinthe
absenceofmanagedreintroductionsmostofthesewouldremain
unoccupiedbecauseoflimitedconnectivitycausedbyhuman
modificationofthelandscape.
Policymakers are considering the feasibilityof establishing
viableIberianlynxbreedingpopulationsineveryautonomous
regionwithinitsrecenthistoricalrange 22.Weshow,however,that
constrainingreintroductionstoonlythosesuitablepatcheswithin
therecenthistoricalrangeofIberianlynx(SupplementaryFig.S2),
andspreadinganimalsevenlyacrossautonomousregionsusinga
Geopoliticalreintroductionstrategy,resultsinfewerIberianlynx
living in fewer populations in the future comparedwith a Peninsula-
widereintroductionstrategy,wherebyanimalsarereleasedintothe
best-qualityhabitatregardlessofregion(Fig.2andSupplementary
Fig.S1).Wepredictfinalpopulationsizein2090tobebetween
190and275animals(5thand95thpercentiles,respectively),
approximatelythesameastoday’spopulationsize 4,livingin
7–10subpopulationsfortheGeopoliticalreintroductionstrategy,
comparedwith654–896animalslivingin25–31subpopulations
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forthePeninsula-widestrategy.Uncertaintiesintheseestimates
areduetodemographicvariation,drivenbymultiplestochastic
runsofthemetapopulationmodelandthecoupleddynamics
oftherabbit–lynxbi-trophicinteraction.Theydonotinclude
errorpropagatingfromuncertaintiesindemographicparameters
or forecasts of climate suitability (see Supplementary Methods for a
detailed description ofmodel uncertainty). The reason for this large
differenceisthathePeninsula-widestrategyconsidershabitatsin
the northern half of Iberia as potential refugia from climate-induced
shiftsinphysiologicalconditions,rabbitabundanceandhabitat
availability (Fig.3 and Supplementary Fig. S3). However, even then,
anegativeimbalancebetweentherateofestablishmentofnew
potentialrelocationsitesandtheextirpationofoldisexpectedto
occurforthePeninsula-widestrategyafter2065(Fig.2).Thus,in
thefuture,managersmightneedtoconsidermovingIberianlynx
beyondtheirPleistocenerefugia(wheretheyevolved 23),toother
partsofEurope,wherethebiophysicalcharacteristicsofthenew
locationbettermatchtheneedsofthespeciesandits tapleprey 24.
Forexample,fossildatashowthattheIberianlynxoritsnear
relativeswere distributed in southeastern France in the Pleistocene8.
Another potential management option is to improve the quality,
connectivityandpermeability(ofthenon-habitatlandscapema-
trix)ofIberianlynx’spresentandfuturehabitats,bydeveloping
habitatcorridorsalongclimatepathways 25.However,theimmedi-
acyoftheclimatethreatfacedbyIberianlynx(highprobabilityof
extinctioninthewildwithinthenext50years;Fig.1),pairedwith
boththetremendouscostassociatedwithestablishinglarge-scale
movementcorridors 26 andthetechnicalfeasibilityoftranslocating
Iberianlynx 4,impliesstronglythatthedispersalprocessesthat
havebeendisruptedbylossofhabitatconnectivitycanbemost
cost-effectivelyandquicklyrestoredusingcarefullymanagedrein-
troductions,notcorridors 24.
OurresultssuggestthatIberianlynxabundanceisdeclining
(Fig.1,seealsoref.1).However,lynxabundanceatDoñana
and SierraMorena (the two extant populations) may have
increasedinrecentyearsinresponsetointensivemanagement
operations4.Recentconservationmeasureshaveincludedefforts
todecreaseanthropogenicmortalityamongdispersingIberianlynx
and broker conservation agreements with private landholders4, two
managementactionsnotfullycapturedinourmodels,bothof
whichcouldpotentiallyinfluencetrajectoriesofpopulationgrowth
in the absence of global warming. Our systematic sensitivity analysis
(see Supplementary Information), which identified primary sources
of demographic parameter uncertainty inmodel predictions,
supportsthispremise.Althoughourforecastfinalmeanand
expectedminimumabundanceestimatesforIberianlynxproved
tobemostsensitivetothefrequencyofoutbreaksoffeline
leukaemiavirus(seeSupplementaryMethods),lynxsurvival(aged
≥2 years)wasthesecondmostimportantparameterinthe
model(SupplementaryTableS1).Althoughitremainsunclear
whether management intervention in the two extant populations of
IberianlynxinDoñanaandSierraMorenaisdefinitelyreversing
populationdeclines 1,4,22,present-dayeffortswillbeinsufficient
forachievingthelong-termconservationofIberianlynx.Our
dynamicmetapopulationmodelresultsclearlyshowthathabitat
connectivity today is inadequate to support sufficient range
movementforaneffectivenatural-adaptationresponsetothe
velocityofenvironmentalchangeforecastforIberianlynxthis
century.RefiningfieldestimatesofIberianlynxsurvivalwill
strengthenmodelprecisionandshouldbeapriorityforfuture
Iberianlynxresearch.
The risk of extinction faced by Iberian lynx within the
next50yearsishigh.Althoughexistingbreedingprogrammes
and reintroductionplans promote the persistence of Iberian
lynx(atleastinthenearterm),wehavedemonstratedthat
theimplementationofacarefullyplannedrelocationstrategy,
accountingsimultaneouslyfortheeffectsofclimatechange,prey
availabilityconditionedbydisease,andhabitatconnectivity,will
be crucial, irrespective of any global decision onmitigating
greenhousegasemissions.
Methods
Weusedcoupledniche–populationmodels 7 tosimultaneouslymodelIberianlynx
andEuropeanrabbitrangedynamicsandclimatechange.Wegeneratedanannual
timeseriesofclimatechangelayersforannualrainfallandmeantemperatureof
thehottestandcoolestmonthsfortheperiod2000–2100usingregionallyskilful
ensemble-averagedclimateforecasts 27.Occurrencerecords(since1950)were
usedtofitecologicalnichemodels(ENMs)separatelyfortheIberianlynxand
Europeanrabbit.Modelswereparameterizedtorepresentpresentclimatic–habitat
preferencesandtoforecastpotentialfuturedistributions.Therationaleisthat
ENM-modelledsuitabilityprovidesasurrogateforspecies’carryingcapacity 28,
capturingmorethanthephysiologicalconstraintsthatdefinepresence/absenceat
agivenlocation,whichcanthenbeusedindemographicmodels 7.Asprojections
fromalternativeENMscanvarysubstantiallyunderthesameclimatechange
scenario,wecomputedsevendifferentENMapproaches(BIOCLIM,Mahalanobis
andEuclideandistances,generalizedlinearmodels,randomforest,maximum
entropyandGARP)andobtainedaconsensusforecastbyassigningequalweights
to a subset of skilful methods.We separately identified CORINE land-use categories
(centredontheyear2000)appropriateforbreedinghabitatforIberianlynxand
rabbitoccupancy(SupplementaryTablesS2andS3).Asland-usemodification
hasleftastronghistoricalegacyonthedistributionofIberianlynxandrabbits 8,
thisinformationwasusedtoconstrainthesuitabilityofENMpredictions,both
forthepresent-dayandfuture 29.Ourprojectionsassumethatlynxandrabbits
willconservetheirclimatic–habitatpreferencesinthefutureandthatland-use
remainspatiallyconstant.
Webuiltademographicprojectionforrabbitswithagrid-basedspatial
structure,wherebyeachgridcellwasmodelledwithitsownscalar–stochastic
model.ThecarryingcapacityofrabbitsineachcellwasbasedonENMpredictions,
scaledbythemaximumandminimumrecordedannualrabbitabundanceper
hectare.Theimpactofmyxomatosisonrabbitabundancewasmodelledimplicitly,
whereastheimpactofRHDwasmodelledexplicitly.Diseasesweremodelled
astemporallyuncorrelatedandnon-interactive,becauseempiricaldatadirectly
describingdiseaseinteractionsandtheireffectsonrabbitvitalratesacrossawide
spectrumofrabbitdensitiesarenotavailable.ToaccountforuncertaintyinRHD
estimates,100rabbitmodelswerebuilt,eachwithdifferentgridcellfrequencies
ofRHDoccurrenceandseverity(sampledfromwithinthelikelyupperandlower
parameterbounds),andrunforasingleiterationunderbothaReferenceand
PolicyCO 2 concentrationscenario;andano-climatechangescenario,where
temperatureandprecipitationremainedunchangedfromtheyear2000.Using
theseoutputs,wethenmappedrabbitdensityeachyear(2000–2100)foreach
model,capturingstochasticityininteractionsbetweenrabbitdemography,disease
andsource–sinkdynamics.
Followingtherabbitmodellingstep,webuiltspatiallystructured
metapopulationmodelsfortheIberianlynx,whereeachsubpopulationwas
representedwithasex-structured,stage-structured,stochasticmodel.Thesizeand
locationofsubpopulationswasgeneratedusingENMpredictions,forecastspatial
patternsofrabbitabundance(seepreviousstep)andanestimateofon-ground
managementeffort.Thedensity-dependencesub-modelaccountedforindividuals
withandwithouterritoriesandmodifiedsurvivalandfecundityasfunctionsof
rabbitandlynxdensity.Populationslocatedoutsideprotectedareasweremodelled
withanadditional10%fixedincreaseinmortality.Dispersalaccountedforthe
interactionbetweenmovementratesandlandcover.Wemodelledtheprobability
of an outbreak of feline leukaemia virus as a per-population catastrophe.
Usingasingle-populationlynxmodel,wecalculatedasustainablenumberof
younganimals(agedbetween1and4years)thatcouldberemovedannuallyfrom
acaptivebreedingpopulationof60lynx.Weevaluatedandrankedwhichpatches
toreleaseIberianlynxintoonthebasisofacompositemetricthataccounted
forimportantecologicalprocesses.Reintroductionswerespread,wherepossible,
evenlyacrossautonomousregions(SupplementaryFig.S2)fortheGeopolitical
strategy—targetingthemostsuitablepatchofhabitatineachoftwoautonomous
regions,forthreeconsecutiveyears,whereasforthePeninsula-widestrategy,the
twobestrankedhabitatswereusedregardlessofprovincialocation.Vulnerability
oflynxduringthe80-yearinterval2010and2090wasmeasuredusingexpected
minimumabundance,probabilityoftotalpopulationsizedecliningtozeroand
mediantimetoextinctionforpersistentmodelruns.Annualaverageabundance
andmetapopulationpatchoccupancywerealsousedtoprovideameasure
ofpopulationstability.
ThelevelofthecomplexityintherabbitandIberianlynxmodelsreflected
abalancebetweentheneedformanagementactionstobebasedonrealistic
modelsthatdonotexcludemajorbiologicalprocesses,andmakingthemodel
asrobustaspossibletounderlyinguncertainties.Bayesianapproachescanbe
usedtoexploremodelerrorinniche–populationmodels 30;however,usingthem
topropagateuncertaintyincomplexmodels,suchastheIberianlynxmodel,
wouldbecomputationallydemanding.Furthermore,independentevaluation
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ofsuchmodelsisextremelydifficult 7 andisbeyondthescopeofthisstudy.
WereportuncertaintiesinIberianlynxabundancederivedfromtheinternal
dynamicsofthestochasticpopulationmodelandthecoupleddynamicsofthe
rabbit–lynxrelationship.Weusedsensitivityanalysistodeterminehowthe
rabbitmodelwas ensitivetoassumptionsurroundingdisease,carryingcapacity
andpopulationgrowthrates;andwhetherassumptionssurroundingspatial
and/ornon-spatialdemographicparameterslargelyinfluencedourlynxmodel.
Amoredetailedexplanationandjustificationofdataandmethodsisgiveninthe
SupplementaryMethods.
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